I. INTRODUCTION
Single-phase ac-dc PWM converters are widely used for rectification at high input power factors. The converter may be designed to operate either in the continuous conduction mode (CCM) or in the discontinuous conduction mode (DCM). A converter operated in the DCM has higher device currents. It requires an additional low pass filter at the input to filter the switching harmonics in the source current. However, it also offers a number of advantages over its CCM counterpart such as simpler transfer function, ease of control, zero current turn on, minimum diode reverse recovery and reduced inductor size. Hence DCM converters are increasingly used in applications such as UPS and battery charger, and in applications where size, weight and cost are major concerns.
A number of control techniques are reported in the literature for boost rectifiers operated in the DCM. Among them voltage follower approach is the simplest [I] . The converter operates at a constant switching frequency and a fixed duty ratio with a single output voltage sensor. It has drawback of having low frequency harmonics (3~3, 5th etc) present in input current along with fundamental. Bulk input filter is required to remove these lower order harmonics. Other techniques like second harmonic injection [2], varying duty cycle (divider approach) [3] , muftiplier approach [4] and operation at CCM-DCM boundary (variable switching frequency) [ 5 ] use input voltage sensing. These can give high quality input current at the cost of either complicating the control circuitry andlor using mathematical operations such as division, multiplication and square root. These make the analog implementation complicated. As these types of converters are mostly used in low power applications, a lowcost and simple controller solution is preferred.
Nonlinear Carrier Controllers (NLC) have proved their simplicity and efficiency over conventional controllers in the field of active current shaping [6-71. The current mode control is implemented in a simpler way without sensing the input voltage and using any multiplicatioddivisiodsquareroot operation. The absence of error amplifier in the current loop makes the current controller much faster compared to conventional controllers.
So far these controllers find their applications only in converters operated in CCM. Their performance deteriorates when operated under DCM [6] .
The purpose of this paper is to propose a simple, lowcost, analog controller for single-phase, single-switch DCM boost rectifier, which has the simplicity like voltage follower technique [I] or the NLC controllers, and the performance like converters with control reported in [2 -51.
The proposed controller is suitable for being fabricated into a single integrated circuit.
CONTROL SCHEME
A single-switch, single-phase boost rectifier operated in the discontinuous conduction mode is shown in Fig. I . The current through the inductor Lb over a switching interval T, is as shown. An input low pass filter is used for filtering the high frequency harmonics in the source current.
A.

Expression of Switch Duty Ratio D.
Referring to Fig, 1 , in each switching interval T,, the converter switch S is tumed on for duration DT,, The boost inductor current iE increases linearly to its peak value I, . At the end of this interval, the switch S is tumed off. The inductor current ig falls linearly to zero at the end of the second interval DIT,. It remains zero for rest of the switching interval DJT,. The peak current and the average current through the inductor can be expressed as shown in (1) and (2) respectively. Solving (1) and (2) yields the expression for switch duty ratio D as shown in ( where R, is the gain in current sensing path [9-lo] .
A typical variation of the duty cycle required to achieve (3) is shown Fig. 2 .
C. Simplfication of the Duty Ratio Expression
The switch duty ratio D can be calculated by solving (3) analytically [SI. This involves complex operations like multiplication, division and square root operation along with input voltage sensing. These make the analog implementation difficult.
In the present work, (3) has been simplified using (4) and (5) to make the analog implementation easier. The simplified control equation of the proposed controller is shown in (6). As the converter has a singte switch, the absolute value of I, is considered in (6) . The control equation does not depend on the load resistor R,.
D. Nonlinear Currier
In each switching interval T,, let us consider a parabolic carrier vc(Q as defined in (7). At the beginning of each switching interval it starts with a zero value. At time (f=DT,) it equals the second term in the LHS of (6) . llence this carrier may be used to determine the switching instant. The shape of the carrier is shown in Fig. 4 . The camer can be generated by double integration as shown in (8). 
DIFFERENT METHODS OF CURRENT SENSING
Referring to the control equation (6), the controller requires the absolute value of the average input current Ig to determine the duty ratio D. There are a number of ways to obtain this.
A. Source Current Sensing
A low pass filter is used at the input of the DCM converter as mentioned earlier. The current through the inductor in this IOW pass filter can be regarded as the average source current. This current is sensed and fed to the controller. Since the controller requires the rectified / absolute value of the input current, an active rectifier (opamp based) may be used as shown in Fig. 5. 
B. Boost Inductor Currenl Sensing
The current through the boost inductor (Lb) is filtered using an op-amp based low-pass filter, and rectified using an active rectifier. This is then used for computation o f duty ratio.
C. DC Bus Current Sensing
In the first two methods of current sensing, an electrically isolated current sensor is required if the control ground is connected to the negative rail of the dc bus. DC bus current sensing does not require such an electrical isolation.
In this method a IOW valued resistor is inserted in the negative rail of the dc bus as shown in Fig. 6 . The output current is rectified, but is pulsating, The discontinuous dc bus current may be integrated over each switching cycle to get the required average input current. An additional integrator with reset may be used. Two approaches may be followed. In this approach the reset integrator starts integrating the dc bus current at the beginning of each switching interval. At the end of each switching interval, its output is sampled and held by a sample and hold circuit before the output being reset. The output of the sample and hold circuit is used as the average input current to compute the duty ratio for the next switching cycle. There is a delay of one sampling period T, in current sensing. However, the delay has negligible effect on the performance of the converter since the switching frequency is high.
(ii) Without Sample andHold
In this method the integrator starts integrating the dc bus current at the end of first interval DT, as shown in Fig. 7 .
Because of high :;witching frequency it may be assumed that the duration Ts-1 = Ts, the switching interval. Hence the integral of the inductor current over the interval Ts-1 can be taken as a measure of the average inductor current Ig-i. The integrator is reset by the falling edge of the gate pulse. In this method the sample and hold is not required and the reset integrator output can be directly used for the duty ratio computation.
DC bus c u t " sensing also gives information about the instantaneous device current. This may be used for peak current protection of the converter switch, 
Iv. CCM-DCM BOUNDARY
The proposed controller has been designed for operation in the discontinuous conduction mode. This section determines the boundary between CCM and DCM operation.
Let us define two-voltage ratios ms and Mg as shown in (9) and (IO) , respectively, where w is the supply angular frequency, and Cl , , is the peak input voltage.
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Under CCM the duty ratio D may be expressed as shown in (11) [6] . The duty ratio under DCM, given in (3), is rewritten in (12a), where K is the conduction parameter of the converter and R, is the load resistance.
The CCM-DCM boundary can be determined by equating the RHS of (11) and that of (12a). In a given switching interval, the operation is in CCM if (13a) is satisfied and in DCM if (1 3b) is satisfied.
The above inequalities may be rewritten using input output power balance as shown in (14) and (15).
For high values of the conduction parameter K as shown in (1 6), the converter operates in CCM throughout the mains cycle. For low values of the conduction parameter as shown in (1 7), the converter operates in DCM throughout the cycle.
In the intermediate range of K, not covered by (1 6 ) and (17), the operation is in CCM in certain switching cycles and in DCM in the other switching intervals over a each half cycle as per (I 3).
Since the controller has been designed for DCM operation, whenever the operation of the conveder enters into the continuous conduction mode, the quality of the mains current deteriorates. This may be compared with [ 6 ] , where the design is for CCM operation and the input current gets distorted in the discontinuous conduction mode.
v. LOW FREQUENCY MODELS
An averaged large signal model of the converter with the proposed control is shown in Fig. 8 (top) [ 9 ] . High frequency switching harmonics have been neglected, retaining the dc and the second harmonic components. The Small signal ac model (bottom) [9] power absorbed in the emulated resistor R, is transfened to The large signal ac equivalent model is nonlinear. In order to design the voltage controller a low frequency ac model is essential. Assuming high switching frequency, in each switching interval the converter may be realized by a dc-dc boost converter. The corresponding small signal ac modcl is shown in Fig. 8 (bottom) . This is derived by perturbing and linearizing the network shown in Fig. 8 (top) around an operating point [9] . The parameters of the model are given in [9] .
The control-to-output transfer function of the converter is required to design the voltage controller. This is given in (19) 191. All the parameters in (19) are constant except mg, which is a function of wf as shown in (9).
shown in Fig. 9 . It can be concluded that the above transfer function has little dependence on d. Fig. 9 Bode plot of DCM boost rectifier.
TABLE I SYSTEM PARAMETERS
The proposed controller does not have any error amplifier in the current loop. However the mathematical small signal model of an equivalent current loop is given in (20). This is obtained by perturbation and linearization of 
VI. EXPERIMENTAL VERIFICATION
For validating the control concept, a 600W prototype is built. The experimental set up is shown in Fig. 10 . The device used is IRF840 (MOSFET). The passive components are Lr : 2.5mH, C , : 4uF (input LC filter), boost inductor Lb: 375pH, CO: 1100yF. A 200R, 10A rheostat is used for loading. A current sensor, LA-55P, is used to sense the source current. The output of the current sensor is passed through an active rectifier before the controller uses it. The switching frequency is 5kHz. The gating pulse generated by the circuit is shown in Fig. 11 .
The converter is simulated in MATLAB/SIMULINK and experimentally tested with the following specifications, Considering a 600W rectifier and parameters as given in (h)
The simulation results are given in Figs. l2(a)-12(d) . The corresponding experimental results are given in Fig. 12(e)-12 (h). The curront transducer gain is set at 100mViA. The FFT of the input currents in Figs. 12(f) and 12(h) are presented in Figs. 13(a) and 13@) . .
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Fig. 13. FFT of input currents.
